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ABSTRACT

Work began with re-examination of the proposed solar array concept with
reference to specification requirements and contract objectives. Sub-
elements of the array were studied for more efficient use of material
(lowest weight) versus function. Alternate designs of structural and
mechanical arrangements were performed, substantiated by analysis.
Solar cell layouts, materials and circuitry were selected for evaluation.
Values for power per unit area and power per weight of electrical instal-
lation were developed for various solar cell designs, sizes and cover-
glass use. Supporting technical analyses and studies included dynamics,
thermal, stress, reliability and weights. The majority of work performed
was directed to tradeoff studies. Manufacturing feasibility was investi~-
gated wherever gross size, foil gage fabrication techniques, or a unique
process might present constraints. Design verification testing was per-
formed on adhesives and film type plastics. Results of concept studies
and design tradeoffs were summarized and a configuration selected for a
more detailed preliminary design effort. This design is estimated to
produce 31.3 watts per pound of weight, an estimate developed by con-
servative analysis, and allowing for design growth and contingency for
normal tolerances. The concept, the materials and processes involved,
are all considered to be within bounds of feasibility and state-of-the-art
capability .
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1.0 GLOSSARY

AMO Air Mass Zero

AR Anti-Reflective

AU Astronomical Unit

GSE Ground Support Equipment
I-v Current-Voltage

RFQ Request For Quotation

uUv Ultra-Violet
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2.0 INTRODUCTION

This, the first Quarterly Report, is submitted by the Ryan Aeronautical
Company to the Jet Propulsion Laboratory in accordance with Article I ,
item (a)(2)(iv) and Article II, item (a)(5) of Contract No. 951971. The
report presents a summary of work accomplished from date of contract
through 31 October 1967. The reporting period was extended from 30
September 1967 in order to conclude design trade-off studies and report
the additional data. The request was made when it was apparent that the
extension would allow inclusion of the results of the studies.

The discussion presented herein is a composite report of work performed
by Ryan and its associate contractor, Spectrolab Division of Textron
Electronics, Inc. It deals principally with preliminary design investiga-
tions, engineering trade-offs and manufacturing considerations.

From these studies a configuration has been selected for the follow-on
task of performing a preliminary engineering design of the solar array
assembly.
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3.0 TECHNICAL DISCUSSION

3.1 APPLICABLE DOCUMENTS

System Specification No. S8501407, Rev. A, dated 4 January 1967, titled:
ROLL UP SOLAR CELL ARRAY, 30 WATTS PER POUND, DETAIL
REQUIREMENTS FOR.

Contract No. 951971, dated 26 June 1967, California Institute of Technology,

Jet Propulsion Laboratory, for FEASIBILITY STUDY, 30 WATTS PER
POUND, ROLL UP SOLAR ARRAY.

3.2 FABRICATION FEASIBILITY

While preparing Ryan's response to its pre-contract Request For Pro-
posal, several design concepts were studied which suggested good
feasibility of meeting specified program objectives. From these studies
a configuration was selected and proposed that is very similar in concept
to the Ryan design for a 50 square foot roll-up solar array (Reference 1)
which is currently undergoing physical and environmental testing.

All developments and technical progress to date on the 30 watt/pound
concept tend to corroborate the selection. Consequently the discussion
which follows concerns itself with detail investigations of subelements of
the selected concept and with descriptions of the various structural,
mechanical and electrical design approaches which were studied.

3.2.1 Investigation of Array Structure

3.2.1.1 Drum/Beam Mounting

Studies included basic concepts for the mechanical compensation arrange-
ment necessary to adjust for a diameter change in the wrapped substrate
during deployment or retraction, (See Figure 1) as follows:

1. A fixed drum with a pivoting guide. This system was used on the
JPL model 208~. The beam guide is pivoted at its forward end
and driven by a cam mechanism at the rear in such a manner that
it follows the increasing or decreasing diameter of the drum.

Note: Superscript numbers apply to Section 7.0, References.
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2. Floating drum and fixed guides. In this scheme the drum rests
on fixed drive and idler rollers. The drum center bearings work
in slides on the fixed support structure. Heavy tension springs
keep the drum in contact with the rollers. As the drum substrate
increases or decreases in diameter the drum center rises or falls
in the slide.

In the fully wrapped configuration, stops are provided to prevent dynamic
loads being transmitted through the tension springs or through the

wrapped beam via the rollers.

3.2.1.2 Array-to-Vehicle Attachment

Four schemes were investigated for the type of structure that would

mount upon the spacecraft and support the array assembly, (See Figure
2):

a. A tubular mounting arrangement representing a truss made
up of tubes that are pin-jointed at intersections.

b. An X-frame design for an array with edge beams on 90.0-
inch centers. It consists of an aluminum box structure in the
form of an "X" which provides a common mounting for the
end of one roll-upunit and the opposite end of the adjacent
unit. The structure is braced by tube struts for loads in the
vertical plane.

¢. A box-mount arrangement for an array with edge beams on
82.0-inch centers. The structure mounts to the corner of
the spacecraft and provides a common support for two roll-up
units similar to the X-frame design. It also uses tubular
braces to react vertical loads.

d. A support structure with resilient-type shock mounts. This
support method is also a structural box which attaches to the
corner of the spacecraft utilizing shock mounts between the
box member and the roll-up unit., This scheme was the only
concept investigated involving application of a mechanical
dampener device.

3.2.1.3 Substrate

Substrate studies have concentrated on investigation of three candidate
materials; that is, a thin fiberglass laminate and two thin film materials,
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Mylar and Kapton. Various materials and installation arrangements
were studied that would act as interlayer dampeners when the rolled up
substrate is subjected to launch accelerations and other dynamic inputs
and steady state loads that occur in the boost phase. The results of
materials studies are discussed in detail in Paragraph 3.2.4. Applied
loads and stress analyses are discussed in Paragraph 3.3. 2.

3.2.1.4 Extendible Beam

The extendible beam configuration for deploying and supporting an array
of solar cells is similar in concept to the beam arrangement on the 50-
square-foot rollout array. 1 Three types of materials were investigated;
i.e., titanium, beryllium-copper, and stainless steel. Beam design
studies considered that diameter and material thickness were the same
regardless of material for each case that was analyzed. It is interesting
to note that in the final analysis, diameter and material thickness selec-
tions were fixed on the basis of manufacturing feasibility minimums and
handling characteristics.

3.2.1.5 Wrap Drum

A wrap drum diameter of 12 inches was adopted on the basis of packaging
and dynamic characteristics. Using this diameter as a standard base line
four concepts of manufacturing the drum assembly were investigated (See
Figure 3):

a. A wrap drum made from magnesium, the cylindrical shell
pierced with lightening holes and pocketed by chemical milling
to reduce weight

b. A wrap drum made from honeycomb reinforced skins, a
composite of aluminum core and fiberglass facing skins; with-
out any internal stiffening of the drum shell

¢. A wrap drum made from beryllium, the cylindrical shell
pierced with lightening holes (unflanged edges) and stiffened
with internal members

d. A wrap drum made from magnesium, the cylindrical shell
pierced with flanged lightening holes, and stiffened with
internal rings
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3.2.2 Investigation of Mechanisms

3.2.2.1 Mechanical Drive System

The mechanical drive system consists of the devices by which the beams
and substrate assembly are deployed or wound onto the drum, and the
method by which the movement of one beam is synchronized with the
movement of the other. The simplest and lightest method of synchronizing
beam movements was found to be a torque tube extending from one end of
the unit to the other.

A drum tensioning system employs an elastic belt drive to a pulley on the
drum center, working through a slip clutch, and a one-way drive clutch
that maintains tension on the substrate during retraction. This concept
supercedes the separate tensioning motor described in the pre-contract
proposal.

Four designs for the beam deployment system were investigated (Figure
4) as follows:

1. A friction drive whereby a silicone rubber-faced drive wheel
engages a rubber strip on the center of the beam.

2. A toothed rack on the beam. This design is a rack and pinion type
drive; the rack being a silicone rubber strip with a gear tooth
form bonded to the center of the beam. The rubber strip also
acts as the beam spacer required to compensate for the difference
in combined substrate and damper pad thickness and the flattened
beam. A mating pinion with a matching tooth form engages the
rubber strip and drives the beams. An alternate arrangement
would be to have the toothed strip formed or cut from polyurethane
plastic.

3. Toothed rack on beam (formed titanium strip). This design is
basically the same as the preceding approach except the silicone-
toothed strip is replaced by a tooth form titanium strip, spot
welded to the centers of the beams.

4. Sprocket drive. A toothed sprocket wheel would engage matching
holes punched in the extendible beams.

11
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3.2.2.2 Motor Drive

The motor drive is the arrangement by which the array is deployed or
retracted. Two design concepts were investigated, as shown in Figure 5.

a. Single gear motor drive. This method consists of a single
gear motor driving the end of the drive shaft. The rollup
array is locked in a precise position when the motor is
stopped because of the high gear reduction ratio.

b. Double gear motor (redundant drive). This method would
provide two gear motors coupled into a small differential gear
box, the output end of the differential being attached to the
array drive shaft. In normal operation both motors would
drive through the differential to provide power to the drive
system. Failure of any one motor will reduce the speed of
operation to half of normal speed. With both motors stopped
the array is locked as positioned by the power-off command.

3.2.2.3 Limit Switch-Motor Drive

The limit switch controls the power to the motor drive and stops power
when the array has reached either deployment or retraction position. It
incorporates a microswitch unit operating on a rotary tumbler-type action.
The tumblers actuate microswitches after a given number of revolutions
and are adjustable over a broad range.

The unit is mounted in an accessible position on the array assembly and is
positively driven by a miniature cog belt from the drive shaft.

3.2.3 Investigation of Electrical Designs

3.2.3.1 Solar Cell Layout

Various solar cell layouts (i. e., module sizes, arrangements, and
circuitry) were studied to determine the most satisfactory design. Many
considerations entered in to the evaluations which are discussed in detail
in Section 3.3 Preliminary Design and Analysis. Prime attention was
given to (1) cell layout per available area, (2) circuit-module designs,
(3) interconnect configurations and (4) general suitability of the solar cell
installation for thin film, flexible substrate.

Layouts were investigated using the conventional 2x2 CM cells or the
newer, large area, 2x6 CM cells. Use of 2x6 CM cells portend

13
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attractive gains in electrical output and also results in more efficient
use of available substrate area.

Interconnect concepts and solar cell contact designs were objects of

intensive study. Examples of typical arrangements are illustrated in
Figures 6, 7 and 8.

Probable arrangement of the best solar cell installation is shown in
Spectrolab drawing number SK-0007. (See Figure 31.)

3.2.3.2 Coverslides

In view of the nonspecified radiation environment, it has been assumed
that no unusual radiation spectrum is anticipated. With this assumption,
the best coverslides, in terms of overall cell output, cost and handling
would be microsheet with an AR coating. The initial higher output of this
configuration, when corrected for expected UV radiation degradation,
will then produce a higher output after maximum radiation damage than
samples with selective blue filters.

3.2.3.3 Solar Cells

Solar Cell designs and electrical characteristics that are applicable to
the subject contract are elaborated upon in Paragraph 8.6, and report
entitled, "Performance of Very Thin Silicon Solar Cells'. There will be
repeated reference to this data in subsequent analytical discussion re-
garding the solar cell installation.

3.2.3.4 Conductor Leads

Study was devoted to various material composites and manufacturing
techniques for conductor leads which would be used to collect series-
connected cells into parallel circuitry (transversely across the array) and
connect with flexible longitudinal leads bringing collected power into the
inboard end of the array. Conductor designs were considered which
would be made from plastic shielded wire and/or ribbon, conductive metal
foil, a bimetallic composite or plated base metal. Redundancy is assured
in the array by providing primary power transmission bus bars along both
longitudinal edges of the array and connecting transverse module leads to
both sides.

No connectors in the cell layout are planned for the array configuration.
The two longitudinal transmission bus bars will be terminated on terminal
boards incorporated on the inboard end of the deployable substrate
assembly.

15
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3.2.3.5 Solar Cell-Substrate Interface

Mylar, Kapton H, and Kapton HF (Kapton H with Teflon) were considered
in Spectrolab investigations. Initially, bonding difficulty was encountered
with Kapton H. However, this was satisfactorily remedied through an
adhesive testing program with chromic acid etching of the Kapton. The
Kapton HF has a disadvantage of greater weight than Kapton H without any
advantages. The Mylar proved unsuitable because of its extremely fragile
characteristics. In view of the flexibility necessary for the array sub-
strate this would make the Mylar impractical.

The 1.5-mil fiberglass exhibited a rather poor resistance to point impact
and would fracture at the impact point. Radial fracture lines would be
generated which were prone to fracture during handling. Bondability was
excellent, and consequently this material should be retained for further
review from the standpoint of solar cell installation.

3.2.3.6 Diodes

Requirements for blocking diodes were studied but there appears to be no
foundation for their use. Chief reasons for not using diodes are:

e The substrate is a nonconductive material and not subject to
the short circuit hazards associated with use of metallic,
rigid substrate.

e The fact that shadow effects are assumed to approach a com-
plete eclipse of the array rather than local, concentrated area
shadows.

Further discussion is presented in Paragraph 3.3.2.10.5.

3.2.3.7 Electrical Transmission-Array to Vehicle

This system transmits current generated by the solar cells from the
deployed array to the spacecraft electrical system. The design must
accept rotation of the wrap drum and consequently the harness and/or
rotating conductor must be compatible with wrap drum operation.

Three designs were investigated, (see Figure 9):

e A continuous coiled harness. This configuration is similar
to the concept used on the 50-square-foot arrayl. The
continuous coil is formed so that during retraction the coil
winds up and will unwind on deployment.

19
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e  External disc slip rings. Several conductor discs are
separated by insulating strips and fixed to the end of the drum
so that they rotate with the drum. Spring loaded, stationary
pickup brushes mount to the array support structure and
conduct current from the drum.

e Internal slip rings. This method uses a series of slip rings
and pickup brushes within the rotating shaft of the drum. The
contacts are a series of rings inside the shaft that rotate with
the drum. The pickup brushes are stationary, being fixed to
outside structure and are inserted inside the rotating shaft.

3.2.4 Investigation of Materials and Processes

Introduction

The evaluation of materials to be used in the deployable solar array panel
has been based on functional and environmental requirements specified in
Section 3.0 of JPL Specification SS501407A. In approaching this particu-
lar design, materials evaluations need consider not only functional re-
quirements and flight environments but also methods of fabrication,
assembly, and ground handling.

The program objectives require that weight of structural components be
held to a minimum level. In many cases, the lower limit of design weight
is determined by feasibility of processing and handling rather than by
design load requirements. For this reason, special attention in the
trade-off study has been given to, (1) fabrication feasibility, (2) minimum
practical gauges and (3) densities of materials that were considered.

There are many suitable materials available for use in the specified space
environment. Several candidate materials have been evaluated for each
component of the design. Evaluations were based on data in the literature,
manufacturers' data, and prior work conducted in the 50-square-foot
rollup solar array program (Reference 1). Where necessary, special
tests were conducted to obtain materials properties information.

Beam

Materials considered for the support beams include titanium, beryllium-
copper, stainless steel and glass fiber reinforced plastic. Each of these
candidate materials can be fabricated successfully into the beam config-
uration to meet functional and environmental requirements. Selection of
metallic materials must be limited to nonmagnetic metals with high yield

21
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strength in order to satisfy functional requirements. The metals present
no radiation damage problems; Reference 2. The selection of reinforced
plastic composite is more critical. Radiation resistance is dependent on
the resin system used with phenolic and epoxy systems which are pre-
ferred for maximum resistance (Reference 2). Also temperature re-
sistance and creep properties are critical in selecting a reinforced
plastic. These factors were considered in the beam development for the
50-square-foot solar array. A phenyl-silane composite (Narmco 534)
and two epoxy anhydrides (EPON 1031-NMA and Scotch-ply 1007) were
found satisfactory in creep tests at 295°F (Reference 3).

Fabrication methods vary with the material used. Forming of annealed
titanium can be accomplished at up to 1,350°F without affecting mechani-
cal properties. This allows a closed-section beam to be welded prior to
forming. Reinforced plastic, beryllium-copper, and stainless steel
beams should be formed prior to joining, which presents additional welding
and bonding problems.

The desired thermal radiative properties of the beam surfaces can be
achieved by special coatings or controlled natural finishes. To minimize
weight, the use of paints should be avoided. Also the effect of flattening
and wrapping the beam on surface finish can be a significant problem.

In order to reduce thermal gradients, the inside surface of the closed
beam section should exhibit high emittance. For the reinforced plastic
beam, the natural surface has an emittance of €=0.9. Beryllium-
copper can be treated with a coating such as Elvanol C to increase emmit-
tance to € =0.9. Titanium surface properties have been controlled by
dust blasting the surfaces and oxidizing during forming to obtain € =10.86.

The feasibility of forming beams 40 feet long has also been considered.
Titanium beams of 20 feet long have been formed in a full length heat

treat fixture. Longer beams can be fabricated by, (1) extending the size
of tooling fixtures and furnaces, (2) by using a continuous forming process,
or (3) by incorporating splice joints in the beam. The use of splice joints
is readily applicable. Several titanium beam test sections have been
spliced by welding to produce a satisfactory joint. This method is also
applicable to beryllium-copper and steel.

Equipment limitations oppose the use of larger tooling fixtures to produce
beams 40 feet long. Continuous forming appears to be feasible with con-
siderable promise but requires tooling development. Continuous forming
would not be applicable to the reinforced plastic beams.




Final selection of the beam material depends on ability to meet functional
and environmental requirements with minimum weight. Titanium is pre-
ferred to beryllium-copper or steel because of its lower density and higher
specific yield strength. The limiting factor on material choice is the
minimum practical gauge for fabrication and handling. This limit appears
to be about 0.002 to 0.003 inch. The metals are preferred to reinforced
plastic because of superior wrapping characteristics and resistance to

the environmental conditions.

Substrate

Candidate materials for the substrate include Kapton, Mylar, and fiber-
glass reinforced plastic. Each of these materials have good mechanical
and dielectric properties required for substrate application. Because of
the integral relationship between the substrate and the solar cell array,
particular attention to this interface is required.

These materials are considered because of availability in thin sheet, and
suitability for space environment. Silicone rubber or teflon films are
substantially heavier than the candidates. Both Kapton and Mylar are
available in gauges ranging downward to 0.0005 inch thick. Molded
Fiberglass sheet is not readily available in less than 0.002-inch thickness
but 0. 001-inch cloth is available and can be impregnated with a suitable
resin.

A fiberglass-epoxy resin substrate had been previously selected for the
50-square-foot solar array design (Reference 1) in order to meet deploy-
ment and midcourse maneuver requirements. However, in this design,
the reduced load requirements and weight objectives suggest considera-
tion of very thin films.

The radiation resistance of Kapton film and glass reinforced EPON 828 is
somewhat better than Mylar, with standing gamma ray doses as high as

5 x 108 rad.; Reference 2. The limiting dose for Mylar is 108 rad.
Ultraviolet stability of Kapton is superior to Mylar which discolors and
becomes brittle (Reference 2). Also, the broader service temperature
range (-250 to +400°C) makes Kapton a preferred choice over Mylar (-70
to +165°C) (Reference 4). The EPON 828-RP7A glass cloth reinforced
plastic system has good stability in vacuum over a temperature range of
-240 to +140°C (Reference 5).

Analytical studies indicate that a 0. 001-inch thick film of Kapton is

adequate to meet load requirements. In order to determine the feasibility
of producing a fiberglass reinforced film of 0.001-inch thickness, sample
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sheets of two epoxy resin systems were prepared using type 108 glass
cloth (0. 001-inch thick) for reinforcement. Sheets of Stanpreg 5103, an
epoxy-amide prepreg, were produced with a thickness range from 0.002
to 0.004 inch. Difficulties in removing excess resin from the prepreg
material prevented achievement of lower uniform thickness. The second
resin system tried was EPON 828 with DIONRP-7TA, an aromatic amine
system, which was impregnated as a wet layup between two sheets of
Tedlar film. Uniform sheets of 0.001-inch thickness were produced.

Edge attachment tests were conducted on Kapton, Mylar, and EPON
828-RP7A sheets with satisfactory results for each material. These tests
are reported in Paragraph 3. 3.3 and following. It should be noted that
the Kapton film has a lower weight for the same thickness because of its
lower density (p = 1.4) compared to fiberglass sheet ( p = 1.8).

The Kapton film has better handling characteristics than the fiberglass
sheet because of its lower modulus of elasticity. The fiberglass must be
handled with more care to prevent folds or wrinkles which cause the
material to tear or crack. The initial tear strength of Kapton is greater
than fiberglass sheet. However, the propagating tear strength of the
Kapton is lower. This propagation tear strength (8 grams/mil) is so low
that provision must be made in the design to preclude the start of any
tears.

A major consideration in evaluation of Kapton film was the need to deter-
mine reliable adhesive systems and methods for joining the film, bonding
the solar cells, and repairing defects. Problems in bonding of cells to
Kapton using common adhesives such as RTV 40 have been repdrted in the
literature (Reference 6) and were experienced in earlier work at
Spectrolab.

The concept of a substrate-solar cell array with integrated conductors
also requires that a bonding method be determined for the conductor to
Kapton bond. The adhesives considered are discussed below and test
results are reported in Paragraph 3.3.3 and following. The tests were
limited to Kapton adhesive systems. Adhesive bonding to the fiberglass-
epoxy substrate presents no unusual problem and there are many satis-
factory systems which can be used such as RTV 40 (General Electric),
EPON 934 (Shell Chemical Company) and FM-1044 (American Cyanamid)
(References 2, 3, 4, and 5).




Adhesives

Several adhesive systems were evaluated for use in the array. Structural
adhesives considered include FM-1000, FM-1044R, and FM 96U (American
Cyanamid); Narmco 225 and Narmco 329 (Whittaker Corporation); EPON
934 and EPON 956 (Shell Chemical Company); TR150-25 (Thermo Resist,
Inc.); RTV 3145, Silastic 140 (Dow Corning), and GT100 (Schjeldahl).

For solar cell adhesives the following were considered: RTV108, RTV41,
RTV511, RTV577, RTV602 (General Electric); Sylgard 182 and 92-024
(Dow Corning).

These materials are generally acceptable to the specified environment

with the epoxy and polyimide types being more resistant than the silicones
(References 2 and 6).

Because of a need to establish an ability to bond to Kapton, sample tests
were conducted to establish methods and strength values for bonding
Kapton to Kapton; solar cells to Kapton, and aluminum to Kapton. These
tests are reported in detail in Paragraph 3. 3.3 and following.

Test results indicate that both TR150-25 (Polyamide-imide) and FM 1044R
(epoxy-amide) produce good bonds of Kapton to itself and are preferred
for splicing and application of doublers.

Satisfactory bonds of solar cells to Kapton were achieved using Silicone
adhesives RTV41, RTV511, RTV577 and RTV3145.

An evaluation of solar cell adhesives (to measure effects of thermal
cycling between -195 and +140°C at 107 Torr) was conducted and is
reported in Paragraph 3.3.3 and following. Materials tested included
RTV602, Sylgard 182, RTV41, RTV511, RTV577; Silastic 140 and
Schjeldahl GT-100.

Cushioning Materials

In order to protect the solar cells in the stowed position during launch, a
cushion or pad arrangement must be provided. Silicone foam materials
having a density of 10 to 20 pounds/cubic foot have been investigated and
found suitable for sterilization, launch and space environment (Reference
3). In this design, lower foam densities are desirable to meet weight
objectives. Therefore, flexible polyurethane foam was evaluated because
of its more uniform properties at densities as low as 2. 0 pounds/cubic
foot. Except for its weight disadvantage, the flexible silicone foam has
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preferred environmental resistance. The service temperature range

of silicone foam is -90°C to +315°C compared with -55°C to +150°C for
polyurethane (Reference 4). At the lower temperature limits the flexible
foams become rigid. However, the critical damping requirement exists
at launch when temperature is not a factor.

Metallic Components

Nonmagnetic materials are used throughout the structure assembly,
except for the drive motor. Metals considered in the design include
aluminum, beryllium, beryllium-copper, magnesium, corrosion
resistant steel, and titanium. All of these metals are space qualified
and present no significant environmental problems.

Nonmetallic Components

The nonmetallic components considered for the design include adhesives,
substrate, insulation, damping pads, guide sleeves, coatings, and
lubricants. The evaluation and selection of materials for substrate,
adhesives, and damping pads were discussed previously.

Thermal control paints which have been considered includes IIT S-13,
methyl silicone-zinc oxide white, Fuller 517-W-1 white and Cat-A- Lac
epoxy white and Cat-A-Lac 463-1-8 epoxy black. These materials have
been found resistant to the space environment and suitable for thermal
control (References 3 and 4).

The use of teflon (TFE) for the beam guide sleeves provides a low friction,
temperature-resistant support. The range of useful properties extends
from -200°C to +320°C (Reference 4). Under the relatively light loads
and low speeds of beam travel, the wear resistance of the unmodified
Teflon is adequate. Radiation stability in vacuum is somewhat inferior

to other polymers such as phenolic, epoxy or polyimide with some loss of
ductility occurring at 108 rads (Reference 2). However, this effect is not
significant in this application.

Versilube G-300 (General Electric) has been considered for lubrication
of the drive motor and gears. This material is a silicone grease with
good stability in the flight environment recommended for fine pitch gears
and gear trains, (Reference 2) and previously used in the 50-square-foot
deployable array design (Reference 1).




3.2.5 Manufacturing Restraints

Ryan's experience in manufacturing and assembling components for a
50-square-foot rollout array has provided baptismal experience in
applicable fabrication techniques and processes. Comparing to the
subject program it is anticipated that the most significant difference
will be problems concerned with the fivefold increase in array area.
Also, a corresponding increase in risk involved in working with higher
cost accumulation components.

A design that must be constructed, tested, and demonstrated repeatedly
in a one-G environment and yet weigh, in aggregate, no more than a third
of a pound per square foot of exposed substrate surface area, is going to
be sensitive to tolerances in materials and workmanship and in day-to-
day handling requirements.

Where possible, designs for subelements of the array should be sized to
a practical minimum consistent with such general considerations as:

® A major component should be designed to be mechanically
assembled and conversely, removable in the event of damage.
Examples: the wrap drum, support structure, individual
beams, incremental elements of the substrate, if possible,
etc.

® Electrical circuitry should be designed for convenient access
to connector terminals points. Circuitry should be so arranged |
as to permit frequent in-process inspection to assure that functions ‘
and tolerances can be electrically checked as often as necessary
or prudent; also to facilitate precise disconnect and re-solder ‘
operations when repairs are necessary.

®  Suitable unit strength; i.e., designed as modular assemblies
with sufficient strength and durability in identifiable handling
and pickup areas as to facilitate controlled movement and
manipulation without crippling effects.

However, no design is to be penalyzed with excess material
(and weight) for added strength if an improvement in handling
fixture concept is the more responsible answer.

Materials studies have been concerned not only with physical properties

and environmental suitability but also with availability and the fabrication
technology that would be involved in manufacture of components. As an
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example, beryllium was not considered for array support structure
because of the probable complexity in construction of this item. The
alloy did receive consideration for use in the wrap drum where relatively
simple fabrication methods are involved. A simple wrap drum was
designed to be made from beryllium and the drawing and an RFQ sub-
mitted to several beryllium fabricators. All returned answers of '"No
quote.'" Bonded honeycomb sandwich construction was rated as sec-
ondary when compared to single thickness material, conventionally
stiffened (doublers, brackets, etc.), because of incongruous quality
control methods that are characteristic of composite sandwich materials.
Film-type plastics for substrate material were rated as more desirable
than a thin fiberglass laminate because of a tendency towards brittleness
in resin-reinforced glass fibers. The substrate will be handled frequently
in construction and in testing the array. The film-plastics are generally
tough and quite flexible but they do have poor resistance to tear propaga-
tion. This is a known problem that can be resolved in the design by re-
inforcement provisions and in manufacture by process control in edge
preparations.

Solar cell module assembly and installation on thin-film plastic substrates
may present some new development requirements but this remains to be
investigated in work which is to follow this reporting period. Sample
investigations and tests, working with adhesive systems, cell-substrate
compatibility and interconnect designs and materials have not disclosed
any alarming problems. Future work will also be concerned with repair
procedures. The language and intent of the contract limits materials and
manufacturing processes to short term developments, preferably to the
use only of state-of-the-art designs and materials. Therefore, all efforts
to date have concentrated on applying proven solar cell technology and
processing methods to the requirements. It is felt that current process
controls, tolerances, soldering techniques, and handling procedures will
be amendable to the general requirements of this program. The unique
situations are expected to relate to substrate size and flexibility and there
does not appear to be serious restraints that cannot be overcome with
diligent effort and application of experience, and suitable shop aids.

Ryan anticipates applying its present manufacturing methods to the con-
struction of the extendible beams. Splicing techniques have been developed
to assure that increased beam length is not a constraint. An optimum
process for making continuous lengths of a closed beam (one that can be
coiled without permanent deformation) would require improved technology.
The company is pursuing this objective for other purposes but beam de-
signs and manufacturing concepts to be applied to the subject program

are not dependent on such developments.




Manufacturing practicability and/or an intrinsic
handling characteristics were judged to be the signifi-
cant weighting factors in the configuration of the beams,
substrate, and wrap drum.

Special care is necessary in arrangement of manufacturing facilities for
large solar arrays. Layouts for workpiece and equipment arrangements
must limit personnel traffic and part movement. Handling equipment
designs must be cognizant of local bearing loads and possible creep
loading circumstances. Foil gage materials will predominate in most
subelement designs. Consequently, protective planning and measures
will be an ever-dominant consideration.

No fabrication-type obstacles of consequence have developed in first
quarter studies that would suggest abnormal lead time in manufacture
preparations. If requirements develop for high quantity, production
plating of molydenum on solar cell bus bars, preplanning efforts
should be directed to assure that there are adequate sources with
qualified processes and controls. Development and qualification of

a thirty-watt-per-pound capability solar array appears to be feasible
within span times normally estimated for execution of a space pro-
gram with multi-kilowatt electrical requirements.

3.3 PRELIMINARY DESIGN AND ANALYSIS

3.3.1 Design Criteria

Design requirements and tolerances, including performance and environ-
mental criteria, are set forth in JPL Specification SS501407. More
specifically, the following paragraphs and respective subparagraphs
constitute the data that have been invoked:

3.2 DESIGN CONSIDERATIONS,

3.3 MATERIALS, PARTS AND PROCESSES,

3.4 ELECTRICAL POWER CRITERIA,

3.5 MECHANISM RESTRAINTS,

3.6 RELIABILITY,

3.7 INTERFACES,

3.8 MANUFACTURING RESTRAINTS,
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3.9 ENVIRONMENTAL REQUIREMENTS, and those definitions
and explanations presented in,

6.0 NOTES.

3.3.2 Studies and Analyses

3.3.2.1 Panel Aspect Ratio Studies

This study is conducted to determine the optimum deployed panel aspect
ratio; a criterion considered to be analogous to minimum weight design
for the solar cell area objective of this program. By performance of

this study, the wrap drum and deployable beam lengths are established.

The study is reduced to simplicety by considering only those components
whose weight will change, or effect an appreciable weight change in the
total structure weight with a change in panel aspect ratio. These
influencing components are, (a) wrap drum, (b) deployable beams, and
(c) spacecraft mounts. Other components such as substrate, drive
system, drum mount, and beam guides will not change enough, if any, to
significantly affect the results of this study.

For the purposes of this study it will be considered that:

1. The wrap drum dynamic deflection remains constant (approximately
0.2 inch single amplitude) with a change in drum length by varying
skin thickness, t, and holding drum diameter constant at 12 inches.
For comparison, six-inch diameter magnesium drums and also
six-inch diameter beryllium drums are considered, where total
weight is affected only by the drum since the size of the spacecraft
mount is a function of aspect ratio and not drum diameter; and

2. That the deployable beam weight will change in direct proportion
to a change in length since it is considered that the proposed beam
cross-section of 1.7-inch diameter x 0. 003-inch thick titanium is
minimum for fabrication and stability reasons in handling.

The wrap drum configuration suggested in the proposal, namely a mag-
nesium ring-stiffened skin, is considered for this study, with a desired
drum length bracketed between 90 and 96 inches (5.3 to 4.6 aspect ratio)
for practical reasons (see Figure 10) in mounting to the hypothetical
100-inch sided square spacecraft bus shown in Figure 1, JPL Specification
SS501407A.
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For purposes of this study, the deployed panel aspect ratio (a/b), is a
function of the variable dimensions a and b shown below. Relative weight
is considered a function of (1) wrap drum skin based on support bracket
center distance, X, and (2) that portion, a, of deployable beam length
where deployable beam weight/inch is based on the proposal weight of
4.2 x 10-3 pounds/inch. Weight attributed to the spacecraft mount is
based on a function of the 3.1 pounds given in the proposal.

Solar Cell Area
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1vl ‘l ]
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60 49.6 | 725.% 55.% 13. 01 .020 [.o051 2,06 2.83 6.10 6.2 14.4 14.9

32




x*
4

Solar cell width = X - (2 x 5.2) t. .= i
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Conclusions

The curves presented in Figure 11 show the effect of aspect ratio change
on weight of the solar panel. Even though it shows an optimum aspect
ratio of 5.26, using a 12-inch diameter magnesium drum as was proposed,
the design goal of 30 watts/pound could be met for ratios above 3.5. A
design approximately equal in weight to a 12-inch diameter magnesium
drum is possible by use of a 6-inch diameter beryllium wrap drum when
small wrap drum diameters are desired. The curves show that as the
wrap drum diameter decreases for a given material, the optimum aspect
ratio increases, meaning that the drum length decreases with a decrease
in diameter. Drums larger than 12-inch diameter are not considered
here because (1) the weight of the drum mount increases as the drum
moves further from the spacecraft bus and (2) the drum skin now becomes
thicker for drum bending stability reasons thereby making the drum
heavier.

3.3.2.2 Substrate Attachment

Analyses of the substrate attachment concept were performed for three
design conditions:

(a) 1G, roller support,
(b) 2 G, handling, and

(¢) 0.2 G, arbitrary cruise maneuver.
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Conclusions are noted at the terminus of these notations. Development
tests related to substrate attachment investigations are discussed in
Paragraph 3.3.3 and following.
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‘ . 1G’, Roller Support

Estimated weight of substrate, solar cells, sponge pads = 0.22 Ib. /ft.z.
Substrate material — 0.0015 in. Kapton. Design condition - 1G.
supported by rollers, by simplified analysis.
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Assume Substrate Acts as a Cable:

(For 18" width)

_ 18”(1)
5 o ! wo= T (-22)
LI T TT1] ,

f = ., 0275 1b. /in.
- 33" W = w/{
w = .0275(33)
= .908 Ib.
swe '\ 1/3
MAX Y = ﬁ<m>
- 33 [ (3)(5908) ]1/3
64(4.3x107)(. 0015)(18)
Y = 33(.00000366)1/3 = 33(.0154) = .509 in.
2 2
P =%MXXLY = % ‘—%‘é’i= 7.38 1b. LIMIT
=9.22 lb. ULT @ 18 inch centers or @ 9 inch
centers 4.60 lb. ULT

P 7.38

A " (oos)yis) ~ 273 psi

Substrate: "KAPTON" Type H

E =430,000 psi @ + 25°C

= i + °C
Fy = 25,000 psi @ + 25

YIELD PTl = 10,000 psi @ + 25°C
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\ ' 5% Elongation @ 13, 000 psi
Density 1.42 gm/cc

- Mylar
Density = 1.4 gm/cc

F o = 25,000 psi

% Elongation at Break = 100%
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At 1/4 panel width spacing for support rollers:

i <P §
FLI [T \@( Y
- N
1/3
. _ oy [ 3.(0275)(24)
MAX 64(4.3x10°)(.0015) (18)

51 1/3
24 [2.66x10 ]

24 (.01385) = .332 INCH

2
1 .02
p- 2 [02D@Y _ o0 LvaT
8 .332 E——=

7.45 1b. ULT @18 in. Centers or 3.73 1b. ULT
@ 9 in. Centers

Lateral deflection considerations in beam:

End of Beam End of Beam Guide

e K

9.22" 9.22" 9, 22" 9.22" 9, 22"
475"

swL ) 5(9. 22)(475)(475)3

6
384FEI 18(384)(16x10 )(2.43)(. 003)
= Deflection too great.

.*. We will restrain the beams from lateral deflection by rollers.

38




Substrate analysis for a thermal test condition of 1G at 250°F, supported
by rollers at 1/3 panel width and with attachment clips at 6.0-inch
spacing, (Kapton material——ftu @300°F = 17,000 psi).

Yiax ol | -7 ——————— — — ’ PaxIlel
max { 9" Wideh
e T 1 * i

| 30"—4 F—*
. . . a 30
Checking a 30-inch square section (F =30 - 1) ,

1/3

- .318
Y

- 318 (30)[ .00191(1)(30) ]

4.3x10°(. 0015)

n2 = .356

1/3
= 9.55(.0000887) / =9.55(.0446)= .426(1.1) = .47 inch

8a 211/3
T

211/8
~ 5 {.00191(1)(30) )
=.356 [4.3X10 <__—,OOT- ]

1 1
=.356 [4.3x105 (1460) ] /3 =,356 [6.26)(108] /3

= .356 [8.55){102 ] =304 psi ULT. M.S.--HIGH

Clip load, P = 2.75 lbs/clip ULT.



If we consider a maximum distance between support rollers of 11 in.,

W 7)<z
MAX " “\30/\30 Te=lt
11\ 2y V3
S - == = 157 psi .
MAX 304 [(30) ] 157 psi ULT

Clip load = 1.41 lbs. ultimate f 6" c-c, or, .94 lbs. ult. for

4" c-c




2G, Handling

Assume that substrate is so thin that clamped and fixed supports will
not affect deflection or stress values. Check for 2G's at room tempera-
ture for manufactured element size, 90 in. by 36 in. panel, with uniform
support and clamped edges,

a = Long Side

q = Lateral Press

t = Thickness

n = Dimensional Constant

{A_L

Given:
i ) 90" ’ | Substrate Kapton

. 0015 Inch

. 006 " Doublers

Weight of substrate (total) .22 Ib. /ft. (in 1G field), or .00191 lb. /in.
ULT.

Assume held vertically; 36(90)(. 00191)(2) = 12.4 lbs. ULT,
12.4

St = 22 __9 990 psi
eSS = 36(.0015) pat
25,000
S, = 22999 | HiGH
M 2,290 otic L

Assumed held horizontal during manufacture; (Ref. 7, p. A17.6)

a

— — —— — 2.

b 36 >
=,125

o

n =.304

qa 1/3
(DEFL) W, . = na <E—t>

1/3
_ 125(00) [ (.00191)(.2)(90)]

4.3x10°(. 0015)
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1/3
-4
=11.25(5.33x10 ') = 11.25(.031)= .911(1.1) = 1.0 inch

Smax ~ M2 l E<gti)2] .

2 1/3
5 .00191(2)90 )
.304 | 4.3x10 (__
3 [ % _0015

1/3

5 4 1/3 9
.304 [ 4.3x10 (5.25x10 )] = .304(22.6x10 )

3
.304(2.82x10") = 856 psi  MS. = %(’—699 - 1 —~HIGH

0.2G, Arbitrary Cruise Maneuver

An arbitrary 0.2G at 250°F cruise maneuver, simply supported by

clips at 6 inch intervals,
I‘__._|6|l
A S M

o =

6” 90"
T‘-—- - *

505" —————=
a 505
b ez 0
n1 = .052
n2 = .205
1/3 1/3
LABNES I (%?) = . 052(505) ('00191)('2)(505)
4.3x10°(.0015)
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—4)1/3

=26.3 (3.0x10 =26.3(.067) =1.76(1.1)

= 1.94 inch (neg. lateral beam bending)

w7 (2)]

2 | 1/3
=.205 [ 4.3x10° ( (-00191)(.2)505> ]

/

1/3

. 0015

1
=.205 [ 4.3x105(165) ] /3 = .205(7.08x107) 1/3

2
=.205 (4.14x10") = 84.5 psi

17, 000

.8. =
M 84.5

-1 — HIGH

Clip Loads =84.5(.0015)(6) = .764 1b. /clip ULT
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Conclusions

Stresses in the sheet substrate are within acceptable limits for all
loading conditions anticipated. Maximum pull loads at the beam-
substrate attach clips occur in a 1G field with the substrate supported
intermittently, by rollers. With distances between lines of rollers of
11 inches, clip loads are approximately 16 ounces ultimate with clips
spaced at 4.0 inches. This appears to be a reasonable design load
requirement and is compared with the actual capability of the attach-
ment (see substrate attachment pull test), refer to Figure 33.




3.3.2.3 Deployment Beam Studies

This section presents the design approach taken in selecting the solar
array beam configuration. Discussion includes the structural and thermal
analysis of the various beam sections and the selection of the optimum
beam through parametric evaluation of the beam configurations which
were considered. It is felt that the most critical design constraints are:

1. Maintaining panel flatness under the most severe solar radiation
environment (260 mw/ cm?2)

2. Providing a stable support system under bending and torsional
loads and whose natural frequencies are de-coupled from those of

the spacecraft

3. Providing a platform that possesses growth potential; i.e.,
increase in size and/or load capability

4, Provide a platform that with the failure of a single element will
not result in the loss or degradation of the solar array.

Beam Configuration

A beam cross-section was needed which, (1) could be stowed on a small
diameter drum and (2) after deployment be most efficient in providing
bending and torsional stability and in-plane panel requirements when
subjected to severe thermal environments. These requirements indicated
a closed section, tubular type beam. The materials considered for such
a beam section should have a small E/ Fy ratio if a minimum storage
package envelope is to result, and a high E/ P for elastic structural
stability.

The candidate materials that possess these characteristics and were con-
sidered as possible beam materials are, 6 AL-4V (A) Titanium,
AM 355 - SCT (850) Stainless steel, fiberglass and beryllium-copper. A
plot of bending capability vs. relative weight for the proposed beam
design configuration is based on the equation shown below,

M=7:-K-E -r-t2

c

where buckling coefficient, K, vs. material modulus of elasticity, Ec,
was determined empirically at Ryan by cantilevered bending tests. It
should be noted that shear at the root of the cantilevered beam has
negligible affect on the bending capacity for beams of this length. The

45



46

plot serves to show that titanium would be the selection for the beam
material based solely on strength considerations; even for very low
bending moments, a weight savings of approximately 30 percent is
realized with respect to the nearest alternate.

, Beryllium
Copper
n

9 T
[/, AM355 SCT(850)
Stainless Steel

P

” 641.-4V(A) Titanium

/
P
yd

f/
§ //{

4

L Conventional Epoxy

Relative Beam Weight
o

3 / Impregnated Fiber
Glass
z f
___J_ 30% Weight
1 |_ Savings @ Small

Bending Moment

0 [

0 1 2 3 4 5 6 7 8

Beam Bending Capacity, M x 102 In. -Lbs.,
For a Tubular Closed Section

Beam Bending

The deployed panel is analyzed for bending and deflections induced by
acceleration impulses from the Spacecraft Guidance System. The angular
acceleration impulse (square wave) of 2 x 10~° radians/ seconds? is of
such time duration (13 seconds minimum) that it will be considered as
steady state for this analysis. Beam temperatures are considered at

350 °F. Deflection analysis is made conservative by considering the beam
stiffness as a function of cross-section A-A (Root Section) only.




I/Beam = 2.43 t
2’432n

J/ = \><§<)eflected r, .85’”j Et

Panel

Deployed Beam
Deployed Panel Cross-Section A-A

Small deflection theory is considered valid for this analysis.

V= (wgl = (.145x 2 x 10°5) x 432 = 1.25 x 1073 Ibs.
limit, not critical

2 2

M=2 VL =3x1.25% 1073 x 432 = .36 in. Ilbs. limit
= .18 in. Ibs. limit/beam
= .23 in. Ibs. ult./beam

TKEr T2

MAllow (Elastic buckling)
Tx .25x 14.9 x 108 x .85 x .0032

90 in. lbs. M.S.—HIGH

—

4
1 111 (Wg) ¢
= — , 11, Page 101, Case 7
o] 2 120 EI/ Reference ag
beam

-

[ ) -5 4 -
6=—;— 11 (.145x 2 x 107Y) x 432 - 4.4x 102 in.
120 x 14.6 x 10% x 2.43 x .003
- ARC TAN(2) = ARC TAN 4.4x1072
¢ = 2 132

- ARC TAN 1.01x 1074

¢ < 0°1' which is well within Specification Requirements
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For comparison, panel bending under solar radiation pressure is also
shown to be extremely small.

K = .892x 1077 Ibs./ ft.2
Near earth (Reference 6)

l:V = P = Area-K

If we assume a solar radiation pressure near Venus as twice that at earth

V = 2(250 x 892 x 10”7) = 4.4 x 1075 Ibs. limit, not critical

X4.4x107° x 432 = 9.6 x 1073 in. lbs. limit

0o =

M_lVIZ—
2

4.8 x 1073 in. Ibs. limit/beam

Cantilevered Panel Natural Frequency

The deployed beam temperature is considered at 350 °F for near Venus
conditions (260 mw/ cm2 solar flux) with a brown oxide or equivalent
beam. Analysis is made conservative by considering the beam stiffness
as a function of cross-section A-A (Root Section) only.

Substrate &
Solar Cells

&, . Section B - B
: N ¢ Spotwelds
/\ 1/Beam = 2.43 t
Bea X— —X
Panel Tip .. 85" 7 t
Deflected Panel Section A-A

(1 g Ficld) [6 In 1 g Field

Deployed Panel




Tip deflection, 6, is determined from large deflection theory using
Reference 8.

2EI E = 14.6 x 10% psi at 350 °F, Reference
B = [ N (beam)1 12 for 6AL-4V(A) titanium

ey

6
_2x14.6x10 x22.43x 003 _ 232,413
1-.29

2 | where P produces deflection, 8, equal to that produced by
linear load, W

3w 3 X .145 x 432
P = 3 = 3

'
0

23.5 lbs.

P2 23.5 x 4322

B 232,413 oY

ITEM W, LBS./IN.
Beams (2) .011
Substrate (.003) Assume .018
Solar Cells (.2 lbs./ ft.2) .116
TOTAL .145

And, from Reference 8,
8(tip in 1g) = .850 = .85 x 432 = 367 in.
Then,

11 7/2 -2
£ = 3.89[——] = 3.89x5.21x 10 ° = .20 Hz,
n 367

which is well within the JPL Specification requirements.
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Thermal Analysis

This study has resulted in 34 separate computer nodal analyses of
anticipated temperatures for the deployed boom in the vicinity of the
planet Venus (solar flux = 260 mw/ cm2). The variations in boom con-
figurations include three materials (Titanium, Fiberglass, and
Beryllium-Copper), three boom diameters (.85, 1.7, and 2.6), and four
material thicknesses (.002, .003, .0045, and .006).

In this analysis a ten inch section of the boom was considered, thereby
minimizing the percentage loss of emitted radiation from the inside of
the boom out the ends of the section. The diameter of the boom is
represented in the analysis as a series of flat plates. The basic boom
configuration and nodal breakdown is shown in Figure 12.

The variable parameters associated with each computer run and maximum
temperature and temperature difference results are shown in Tables 1,

2, 3. These tables were compiled from computer runs.

Assumptions and Material Properties

It was assumed that the titanium coating would be obtained by the Ryan
heat treatment oxidation process. For the fiberglass it was assumed

that the material is untreated except for the exterior rear face which
would be vacuum aluminized. The coatings for the beryllium-copper have
yet to be developed, however, it seems likely that the basic absorptivity
of the material can be retained by coating the front face with a trans-
parent material, which would be emissive in the infra-red range of the
spectrum. This same coating, perhaps a dip lacquer could be used on
the inside and the rear face would be left uncoated to yield a low emittance.
The values of emittance, absorptance, density, thermal conductivity and
specific heat used in this analysis are given in Tables 4 and 5.

Beam Selection

The prime consideration (now that a beam cross-sectional configuration
is established and other environmental effects have been shown to be
small) for selecting the beam material, diameter and sheet thickness is
that the beam under extreme thermal environment (260 mw/ cmz) will
control distortion of the deployed solar panel to < +10 ° with respect to a
theoretical plane. Two considerations must be éiven in this regard; (a)
the panel distortion induced by the deployed beams when a thermal
gradient exists and (b) the possible effect the beam has on reducing
substrate distortion, (natural radius of curvature the substrate assumes
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TABLE 1

COMPUTED TITANIUM BEAM TEMPERATURES AND GRADIENTS

AT*
Maxi~ | Maxi- | Nodes Through
Beam mum mum |Between| BeamIn | Node | R,
Diam- | Thick- |Weight | Nodal | Beam | Beam | MAX. |Solar Flux 5 2r
eter ness |(lbs.At.)| Weight | Temp.| AT AT Plane Temp. | AT

. 002 .01314 | . 00064 | 491 227 1,10 124 458 1,268
. 003 .0197 |.00096 ( 477 201 1,10 107 449 11,471
-85 .0045 |.02955 |.00144 | 462 175 1,10 95 438 |1,658
. 006 .0394 |.00192 | 452 158 1,10 86 430 |1,830
. 002 .02625 | . 00128 | 367 174 1,10 105 336 |3,000
. 003 .0394 |.00192 | 358 160 1,10 101 332 {3,115
1.7 .0045 |.05910 |.00288 | 350 142 1,10 92 330 (3,422
.006 .0788 |.00384 | 341 133 1.10 93 324 |3,385
. 002 .0402 |.00195 | 295 133 1,17 96 268 |5,020
. 003 . 0603 |.00293 290 122 1,17 91 268 5,285
2.6 .0045 |.0904 |.00439 | 288 105 1,17 81 270 5,940
. 006 .1206 |.00586 | 289 91 1,14 70 273 (6,880

) in/in/°F ‘3.9to4.7x10_6 l 4.8x10°° ‘ 5.2% 100 } 5.4%x10°°

T1°F l -100 to 68°F \ 68 to 200°F l 68 to 400 ' 68 to 800

*AT Between Average (5-6) and Average (15-16)




TABLE 2

COMPUTED FIBERGLASS BEAM TEMPERATURES AND GRADIENTS

AT*
Maxi- | Maxi-| Nodes | Through
Beam mum mum (Between| Beam In | Temp
Diam- | Thick- |Weight | Nodal | Beam | Beam | MAX. | Solar Flux | Node 2r
eter ness [(lbs.At.)| Weight | Temp. | AT AT Plane 5 o AT
.002 .00558 {.00025 | 524 311 1,11 60 436 5, 065
.003 . 00836 |.00037 523 307 1,11 60 435 5,065
-85 .0045 |.01910 |.00055 521 301 1,11 60 435 5,065
. 006 . 02550 | . 00074 519 294 1,10 60 434 5,065
.002 .01115 |.00049 370 166 1,11 45 305 (13,500
. 003 .01674 |.00074 370 165 1,11 44 305 {13,800
1.7 .0045 }.02510 |.00110 369 163 1,11 42 306 |14,450
. 006 . 03350 |.00147 369 158 1,11 39 308 115,580
. 002 .01708 |.00075 288 94 1,8 35 238 126,520
.003 .02565 |.00112 288 93 1,4 33 239 28,150
2.6 .0045 |.0384 |.00168 289 108 1,3 29 242 (32,000
. 006 .0512 . 00225 290 104 1,3 24 246 |38,650
Parallel To Warp
-6 -6
o) in/in°F 4.8x 10 2.8x 10
T1°F -100 to 200 +300 to 600
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TABLE 3

COMPUTED BERYLLIUM-COPPER BEAM TEMPERATURES AND GRADIENTS

AT*
Maxi- | Maxi- | Nodes Through
Beam mum | mum |Between| Beam In | Temp
Diam- | Thick- |Weight| Nodal |Beam | Beam | MAX. | Solar Flux | Node 2r
eter | ness |(lbs.At) Weight | Temp. | AT AT Plane 5 «AT
. 002 .0244 | .00119
.003 .0367 | .00178
.85
.0045 |[.0550 | .00267 224 15 5,14 13 224 7,110
. 006 .07235 | . 00356 217 12 5,14 11 217 8,400
. 002 . 0488 | .00238
.003 . 07235 | . 00356 200 21 6,15 20 199 9,235
1.7 .0045 |.1100 | .00535 195 15 6,15 15 195 | 12,870
. 006 .14470| . 00713 192 11 6,16 11 192 | 17,550
.002 .0748 | .00362 190 23 7,15 14 178 | 20,150
. 003 .1123 | . 00534 188 21 7,15 13 179 | 21,750
2. .
6 .0045 [.1682 | .00815 187 15 7,16 8 180 {35,300
. 006 .2245 | .1087 186 12 7,16 7 180 | 40,300
s /s -6
<, in/in/°F 9.2x 10
T1 °F 68 to 212°F




TABLE 4

BEAM SURFACE CHARACTERISTICS

Titanium Beryllium-Copper Fiberglass
€ Front .63 .63 .9
€ Read .18 .10 .05
€ Inside .63 .63 .85
«S .835 .4 .1
TABLE 5
PROPERTIES OF BEAM MATERIALS
Titanium Beryllium-Copper Fiberglass
P .16 .297 . 06138
K 4.3 105. .1
Cp .135 .10 .31
Symbols
€ Emittance

o Solar Absorptivity

P Density lb/ in3

Thermal Conductivity BTU/hr°F ft.
Cp Specific Heat BTU/1b°F
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when a thermal gradient exists). Consideration of the latter requires a
more detailed analysis than is performed in Section 3.3.2.9 of this

report if normal-to-panel thermal gradients are to be obtained. For the
parametric study performed in this section, therefore, an out-of-plane
distortion constraint of +5° for beam selection will be used. This assures
that, when integrated with the selected substrate in the detailed analysis
phase of the program, the constraint of <+10° will be achieved. The
out-of-plane angle, 0, that is referenced is shown in the following sketch.

Solar Flux
Thermally

wep | 44 Deflected
o .
Beam \@)T\/s ‘\/ 5

)

2 / At

Spac<|ecra.ft R Y
| / '\Z/'I____
r

BEAM
CROSS-SECTION

Thermal deflection analysis is made using analogous stress-deflection
theory for a beam with a uniform bending moment distribution along its
length. This is based on the consideration that the temperature along the
beam is nearly uniform and temperature gradients through the beam at
any point along the beam are nearly equal. An example analysis is as
follows:

El
R=N
where, At
(fp) -1 Eer 5= -l p At
M: = =
r r 2r




Then,

Ro_El-2r _ or
Ex.At . I «At
and,
6=R-Y-= R—(Rz—llz)l/z
6
6 = ARC TANE—
Conclusions

Results of the beam thermal analysis were plotted in Figure 13 as a func-
tion of two critical parameters; (1) thermally distorted radius of curva-
ture R and (2) weight in lbs./ft. of length. If we limit beam sheet
thickness to .003 in. as a minimum for handling and fabrication reasons,
the lightest beam to satisfy a thermal distortion constraint of § = 5°
maximum (R = 2820 inches) would be of fiberglass and have a diameter of
less than .85 in. This beam is not selected for use because, (a) it is
structurally weak for demonstration of such a large panel area inalg
field and (b) its operating temperature is high (523 °F) for fiberglass.

The beam selected is 1.7 in. diameter and of 6AL-4V titanium material
because, (a) temperature affects on this material are less critical (T =
358 °F), (b) it is more structurally compatible with a 1 g demonstration
environment, (c) it meets the constraint requirement and (d) it is equal in
weight to a fiberglass beam which would have to be approximately two
inches diameter and would function at about 310 °F. A beryllium-copper
beam is not selected because it is heaviest.
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WEIGHT, LBS./FT.

.20

.15

.10

- Design Minimum R yd
@e=5

Dia =2.6"

.05 -~
N
.04
03 \
. T =.003"  Fiberglass /
002 T = .002” /
.01 —_—
1 I
10,000 20,000 30,000 40 000

2
THERMALLY DISTORTED RADIUS OF CURVATURE, R = oz_ArTI" INCHES

Titanium | Fiberglass | Beryllium Copper
o . 85D a . 85D o . 85D

® 1.7D A 1.7D a 1.7D

® 2.6D A 2.6D (c] 2.6D

Figure 13. Thermal Distortion Versus Weight for Various Beams




3.3.2.4 Beam Tip Intercostal Studies

Justification for Tip Intercostal

This study is made to determine the effects of launch vibration on the edge
of the outer wrapped panel layer if the edge is not stabilized.

\l 4n k/%" Panel Edge

The natural frequency, Fn, is calculated as follows, assuming the 0.001
Kapton substrate to act as a catinary cable,

4 1 4 3 1 4

+= ==
27 EIy 81r EAy 2wlZ
. 1 1 4
. y(21r4 EI) +y3<g7r4 EA) = Ewﬂ

4 5 -9 33 141)4 5
y(2)(3.141) (4.3x107)(.282x10 ") +y —;8— (4.3x10") (.0015)
_ .22(90)%
12 (2)

- 3 2

v (195.5) (4.3x10°)(.282x 10 Ny (12.22) (4.3x107) (1.5)

= 600,000

3
y(.0237) +y" (789) = 600, 000
. 3
.y 789 = 600,000
- 3

y = 9.13 inch

Fn = 3.53(— = 3.53(— = 3.53 V.109 = 1.165 cps
Aig 9.13
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386 (g * Q)

386 (4) (10) 15,400
YN T (2rfn) 2 B

54'2

[z (3.141) (1.165)|?

285 inches

%YN

This deflection is unrealistic but is indicative that an edge support is
required to prevent excessive deflections and possible cell damage.

If we preload a sponge medium to 25%deflection this mode can be elimi-
nated. It can be accomplished using a structural transverse member
(tip intercostal) with a sponge silicone backing. The intercostal will also
serve as a beam separation spacer with panel subject to normal plane
loads when deployed.




Configuration Studies

22 = 528.35

PA AN nen
i o — p— ﬁr- " =
} T ¥ 0 7 77
82.0 1 S =25 Lb. /In ULT |
J F I I I 1 1 N
— L

"B” HDH

Side loading on beams '""A-C'' and ""B-D'' considering a 1 G roll out load-
ing (in vacuum chamber): there is a 1.00 Ib. (ULT) load at each of the
clips, spaced on4in.G,to §,, s =1.00 Ib./4.00in.= .25 1b./in. ULT.

Normal load on intercostal "'A-B'"", P=sf 1/2 = ,25(526.85)/2 =
65.87 Ib. ULT.

Side loading on intercostal, P = .05 1b./ in.

N~
gl

L\ L

i 1A I
Y

IRERRE
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Configuration (A) —

|- 2,20 -
| "1” |
X = \/m/z N. A
.405R T+ p B
/\ ' 3
3{5 970 <—. 15 Flat,
4
— X
5
1t e 3 Y
About "X -X'"" axis:
Elem b h A d Ad Ad> I
1 1.10 t  1.1000t .002  .00220t — -
2 .15 t .1500t  .006  .00090t .00001t -
3 - - 4453t  .085  .03785t .00322t .00165t
4 1.1223t .40  .4489t .420  .18854t .07919t  .00599t
5 — - .4453t  .773  .34422t .26608t  .00165t
z1/2 2.5895t 57371t  .3485t  .009292t
221/2 5.1790t 1.14742t  .6970t  .01858t
(4) t' =t/cos27° = tsec 27° = 1.1223t
3) A = art = [(90 - 27)/57.3| (.405)t = .4453¢
X = rsina/a = .405 sin 63°/(63/57.3) = .405 (89101)/ 1.0995
X = .328
d=r-X+.008 = .405 - .328 + .008 = ,085""
I =1, = r3(t) /2 + (sin 20)/4 - (sin® @)/
o "NA

(.405)3t[(1.0996/ 2) + (.78801/4) - (89101)°/ 1.0996)]

. 00165t

P
it

NA




(5) d=.850-r+X = .850 - .405 + .328 = .773
3 3 2

@) I=bh"/12 = 1,1223t(.4)°/12 = .11223t(.4)“/3 = .00599¢
Xog = ZAA/ZA = 1.14742t/5.179t = .2216'" = a

INA = .6970t + .01858t - .2216(1.14742)t = .4613t

22 2
Pog=nrm El/L
2 2 2
I = PL /n2 7r2E = 68.87(82.0)2/(1) T 16(106)
REQ
IREQ = .4613t = .463082/157.91 = .0029325
tREQ = .0029325/ .4613 = .00636

Letting t = .007,

j = VEI/P = \16(106) (.4613) (.007)/ (68.87) = v/7.5019(102)

j = 27.39

L/2j = 82.0/2(27.39) = 1.4969 Rad = 85°46'
M; /o = Pa sec L/2j = 68.87(.2216) (13.575) = 207.18 in. Ib. ULT.
foox = MXC/IX = 207.18(.2216)/ .4613(.007) = 45.911/ .003229)

fex = 14,218 psi ULT.

foo = P/A = 68.87/5.179(.007) = 1900 psi ULT
2 C .
MyL /2 = w;y (Sec L/2j - i)
jz = EI/ P = 16(108)(1.937)(.007)/68.87 = 3150.05
y
j = 56.12
L/2j = 82.0/2(56.12) = .7306 Rad = 41°52'

MyL/2 = (.05)(3150.05)(1.3428) = 1211.49

foo = M,C/Iy = 211.49(1.1)/1.937(.007) = 232.64/ .013559
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e

y
f = {

°MAx  PoY

For flat element simply supported; Reference 9, p. 371,

17,156 psi ULT.

+fco = 17,156 + 1900 = 18,956 (t = .007)

F 3.6 E(t/b)z = 3.6(16) (106)(.007/1.90)2

Ccr

2
F 3.6(16)(7/1.9)" = 781.8 psi

cr

THIS CONFIGURATION NOT ADEQUATE.




) ‘ Configuration (B) —

| .40R
| x f f
|
1.20
About ""X'"' Axis: Y
Elem b h A d Ad Ad? I

1 1.30 t 1.3000t .002 .0026t .00001t -

n
1
2 40 't 2 .8000t .006  .0048t  .00003t -
3 t .40 2 .8000t  .180  .1440t  .02592t .01067t
4 - — 1  .6283t .145  .0911t  .01321t .05027
. 5 t .40 2 .8000t .600  .4800t  .28800t .01067t
6 - — 2 1.2566t 1.055 1.3257t 1.39863t .10053t
7 50 t 1 .5000t 1.200  .6000t  .30000t -
6.0849t 2.6482t 2.0258t  .17214t
(4)6) A =nart = n(r/2)(.4)t = .62832 nt
(4) X = .6366r d = r(l-.6366) = .4(.3634) = .145"
(6) X = .6366r d=.8+y = .8+ (.4)(.6366) = 1,055
3
(4) 6)L, = nmrit/4 = (.4) mt/4 = .050266t
Yo = ZAd/ZA = 2.6482t/6.0849t = ,4352"
Iog = 2.0258t + .17214t - .4352(2.6482)t

1.0454t
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About "Y' axis:

Elem b h n A d Ad ad” 1,
1 t 1.3 1 1.3000t 1.050 1.36500t 1.43325t .18308t
2 t .8 1 .8000t 1.300 1.04000t 1.35200t .04267t
3 40 t 2 .8000t 1.300 1.04000t 1.35200t -
4 - — 2 1.2566t .145 .18221t .02642t  .10053t
5 .40 t 1 .4000t 0 - — —_
6 - — 1 1.6283t 1.155 . 72568t .83817t  .05027t
7 t .5 1 .5000t .650 .32500t 21125t .01042t
8 .40 t 1  .4000t 1.300  .52000t  .67600t  —

6.0849t 5.1979t 5.8891t .3870t

(6) d=1.3-.4+y = .9+ .6366r = .9+ (.6366)(.4) = 1.155

4) d=r-X=r(l-.6366) = .4(.3634) = .145

o]
1

ZAd/ZA = 5.1979t/6.0849t = .8542 in.

Iogy = 58891t + .3870t - (.8542) (5.1979t)

ICGy = 1.836t Iy = 1.937t

t=.004 a =§CG = .4352 W, =0

VEI/P = /16(106)1.0454(.004)/68.87 = v/9.7148(102)

G s
Il

j =31.17
L/2j = 82/(2)(31.17) = 1.3154 rad = 75°22'
Pog = n°r°El/ L2 = 7% 16(106) (1.0454) (.004)/ 82.02
Pog = -660335(106)/6724 = 98.2 Ib.
sec L/2j = 3.9583
M = Pa sec L/2j = 68.87(.4352)(3.9583)
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=
1

116.84 in. Ib.
L/2 6.84 in. Ib. ULT

(X) beX

]

MC/1 = 116.84 (4. 352)/1. 0454(. 004)

]

116.84(.4352)/ .0041816 = 12,160 psi ULT

f
co

P/A = 68.87/6.0849(.004) = 68.87/02434
f =2,829 psi ULT
(o]0

Due to side load p = .05 Ib./in.

(Y) £bc = MC/ly = MyY/Iy = M(.8542)/1.937(.004) = 110.25My

2
My = Wj [sec L/2J-1]
iy = \/EIy/P = V16(106)1.937(.004)/68.87 = v18.102
j = 42.49
y
L/2j = 82.0/2(42.49) = .9649 rad = 55°17"
M, = .05(1800) (1.7559-1) = 68.03 in. Ib. ULT

o™
o
>

1

110.25 My = 110.25(68.03) = 7,500 psi ULT
= +f = 12,160 + 2, = 14, i ULTat P_."A"

o f oy oo = 120160 829 989 psi ULT at P,

(t = .004)

Crippling allowable in intercostal,

b, = b, +1.07R = .4 +1.07(.4) = .828

b/t = .828/.004 = 207; Reference 10, for flat simply supported
plate; Reference 9, p. 371,

F 3.62E (t/b)> = 3.62(16) (105)/ (207)2

CR

FCR

57.92(102)/4.2849 = 1,352 psi ULT

This is for simply supported edges and an infinitely long sheet.

67



68

For curved corner elements,

F. = (.:30)E(t/R) = (.606) (16) (10%) (.004/ .4)
cr

F_ = (.30)(16)(.01)105 = 48,000 psi

cr
THIS CONFIGURATION NOT ADEQUATE.




j . Configuration (C) —

Y 1
C\l A 1
X
0
4 2
.3
5 4
6
4
4
\1. 375 Dia.
About ""X'"' Axis:
2
Elem b h A d Ad Ad I0
i 1 1.19 t 1.190t .002 .0024¢t - -
| 2 .50 t .500t .004 .0020t - -_
3 t .69 .690t .360 .2484t .0894t 0274t
‘ 4 - —_ 4.300t .688 2.9563t 2.0324t 1.0209t
5 .32 t .320t .010 .0320t - -
6 t .32 .320t .850 2720t 2312t 0027t
7.320t 3.5131t 2.3530t 1.0510t
4)7) A = 7Dt = 7(1.375)t = 4.320t
3 3
I=7Dt/8 = m(1.375) t/8 = 1.0209t
yNA = ZAd/ZA = 3.5131t/7.320t = .4799" = g
Iqa = 2-3530t +1.0510t - (.4799)(3.5131) = 1.718t
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About "YO” Axis;

Elem b h A d Ad Ad2 Io
1 t 1.19 1.190t 1.283 1.5268t 1.9588t .1404t
2 t .50 .500t  1.625 .8125t  1.3203t L0274t
3 .69 t .690t  1.375 .9488t  1.3045t -
4 - - 4.300t .690  2.9670t  2.0472t  1.0209t
5 t .32 .320t .530 .1696t .0899t .0027t
6 .32 t .320t  1.365 .4368t .5962t -
) 7.320t 6.8615t  7.3169t  1.1914t
)‘(CG = TAd/ZA = 6.8615t/7.320t = .9374
1, = 7-3169t + 1.1914t - (.9374) (6.8615) = 2.0763t
t = .004 =y =1. = = 65.
a) 004 a=y,. =1.7186 W, =0 P =65.87
i =/E/P = /16(105)1.718(.004) (65.87) = 11669.23
j. = 40.86
X
L/2j_= 82.0/2(40.86) = 1.00343 rad = 57°30"
sec L/2jX = 1.8612
M = Pa sec L/2j = 65.87(.4799)(1.8612) = 58.83 in. lbs. ULT

L/2
tbcx = Mc/I = 58.83(.4799)/1.718(.004) = 58.83(.4799)/ .006872

fbcx = 4,108 psi ULT at Point "A"

f

co P/A = 65.87/7.320(.004) = 65.87/ .02928

fco = 2,250 psi ULT at Points ""A" and "B"

Side load due tow = .05:
y

V108 (16) (2.0763) (.004)/65.87 = V'2017.35 = 44.92

o
I

]

L/2jy 41/44.92 = .9127 rad = 52° 18'
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CMAX

2
= Wj (sec L/2jy - 1) = .05(2017.35)(1.6353 - 1)

= 64.08 in. lbs. ULT

MC/1y = 64.08(.9374)/2.0763 (.004) = 64.08 (9374)/.0083052

7,233 psi ULT (This is MAX stress and occurs at Point ''B"'.)

Il

fb +f =7,233 +2,250 = 9483 psi ULT at Point "B".
cy co

At point C, (45°),

f
bexy

fe MAX

= Y g - (r-rcos45°) = .4799 - 1.375(1-70711)/2 =

il

4799 - .2014 = .2785

= XCG ~(r-rcos 45° = .9374 - .2784 = .6590
= MXCX/IX = 58.83(.2785)/ .006872 = 2384 psi ULT
= Mycy/ Iy = 64.08 (.6590)/ .0083052 = 5,085

I

2,384 +5,085 = 7469

f +f = 17,469 + 2250 = 9719 psi ULT
bexy co

For tubular section,

R/t
Z

Z

CCR
CCR
CR

CR

It

D/2t = 1.375/2(.004) = 172

(L2/ rt) (1—N2)1/2 = [(82.0)2/ (1/2) (1.375)(.004)] (- .32)1/2
= (82.0)2 (-954)/(.00275) = 2.333 (106)

This is in the very long tube range .'. use,

(-3)Et/R = (.3)16 (10%) (.004) (2)/ 1.375

300 (16) (8)/1.375 = 27,927 psi

nZrilE/ 12 = 2 (16) (108) (. 006872)/ (82.0)2

1.0852 (10%)/6724 = 161.39 Ib.
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R = fc/FC = 9,719/27,927 = .348

CCI‘ CR
Re, = P/PCR = 65.87/161.39 = .408
M.S. =1 + -1= . . -
/(Rc R.o) 1=1/(.348 + .408) - 1
Ccr
M.S. = 1/(.756) - 1 = ,32 at @ beam.

This was not combined with torsion since MAX torsion is at beam supports
and is zero at beam G..

Torsion,
T = W(L/2)r = (.05)(82.0/2)(1.375/2) at beam end
T = 1.409 in. Ibs. ULT
f_ = Te/5 = (1.405) (1.375)/ (2) (2) (1.0209) (.004)
fs = (1.405)(1.375)/ .0163344 = 1183 psi ULT
F_ = .22 E(t/ r)3/2/(i -u2)3/4; Reference 11, p. 353,
cr= (-272) (16) (106) |.004/ (1.37512)]3/2/(.91)3/4
= 43.52 (106)(10'2)3/2(.5818)3/2/(.9316)
= 43.52 (103)(.4458)/ .9316
Fgog = 20,732 psi

This is in the circular portion of the tip intercostal, at the attachment
transition.
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Transition attach area

r
_:J\\//L

? A View "A-A"Y

I 15
AN
l AN ty
T e
P = 65.87 lbs. ULT Wie Wy
for t = t, = 004 and at Point "A", Cross-Section at Point "A"
letting Wle‘ = .60 full effective
W_ = .75 full effective
2e
A = 2(.60)t + .75t + .15t
A= (1.2+.75+ .15)t = 2.00t = 2.00(.004) = .008
fc = D/2A = 65.87/(2)(.008) = 65.68/.016 = 4,105 psi ULT
b/t = .30/ .004 = 75

For simply supported plateb = 2W2e = 1.5

F 3.62 E(t/b)2 = 3.62(16) (106)(.004/1.5)2; Reference 9, P. 371,

CCR

FCCR

3.62 (16)(8/3)° = 412 psi ULT

Increasing t2 = .008,

A = (.60+.15)t; +1.35t5 = .75(.004) + 1.35 (.008) = .01380
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fc = 65.87/2(.0138) = 65.87/(.0276) = 2,387 psi ULT

F, o =3.62 (16)(10%) (.008/1.5)% = 4 (412) = 1648 psi
CcTr
Assume W_ = .50 b =2W_ =1.00
2e 2c
F_  =3.62 (16)(106) (.008)% = 3,707 psi
Ccr

A = (.60 +.15)t) + (.60 +.50)t, = .75(.004) + 1.10(.008) = .0118

fc = 65.87/2(.0118) = 2,791 psi, adequate in crippling.

3.3.2.5 Wrap Drum Studies

The method of approach used for the wrap drum analysis is presented first
for review. At the end of this section a graph showing the results of
analysis in depth for the ring stiffened concept is given. Conclusions are
then drawn from that graph.

The basic considerations in structural design of the wrap drum are (1)
minimum torsion deflection during actuation if driving the opposite beam
through the drum; (2) sufficient longitudinal bending stiffness to withstand
launch vibration excitations; and (3) sufficient radial elastic stability to
withstand radial pressures induced during launch if the array layers are
excited in a radial '"breathing'' mode of vibration. Since this design
drives through an auxiliary torque tube and the fact that torsion considera-
tions are less severe than bending considerations, torsion will not be
considered here.

Two design concepts are given consideration: (1) ring-stiffened magnesium
with lightening holes and (2) bonded honeycomb construction consisting of
fiberglass skin and aluminum honeycomb. Wrap drum temperatures during
launch are considered not to exceed 75 °F. The prime constraints set

forth here for use in selecting the optimum drum are (1) minimum weight,
and (2) dynamic deflection limited to 0.25 inch, act as a constraint to
minimize the possibilities of structure damage to the solar cell installa-
tion and to minimize the clearance required between drum and adjacent
structure. The 0.25-inch dynamic deflection may be a conservative
number but will be verified later in the vibration test.




. Ring-Stiffened Concept Considerations

The ring spacing is selected to prevent radial elastic instability with loads
induced if a radial ''breathing'' mode of vibration is excited. The spacing
is largely a function of drum radius, r, and skin sheet thickness, t. The
controlling equation for a unit length of drum is a function of,

3

Allowable Radial Pressure = f(-:‘-

)(Ref. 7, Pg. C.B. 11)

External Radial

Pressure,
@ (Limit) I\

Internal Rings

1 t Wrap Drum Skin
|t

,ll

Ring Spacing

which shows that t should be maximized while r is minimized. This holds

true for longitudinal bending capability as well, so long as natural longi-

tudinal vibration frequency is not critical. A suggested way to reduce
‘ weight and yet maximized t is to add numerous small lightening holes
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(30 percent area reduction feasible) in the skin. Holes would not be con-
sidered if torsional stiffness requirements were more critical. For
example, if we consider a minimum wrap drum radius of six inches, the
skin thickness and ring spacing, £, relationship to prevent radial elastic
instability is calculated using Roark, (Reference 11) page 318, Case Q.

2 3 2
_ Et 1 t
P g = 1.25P = .807 0= < > L

3 1/4 E=6.5x106psi
<ﬂ>=646 £<1> 1 u = .35, for
5/2) ° " opr 2] 2 AZ31B-H24
t - W r
Magnesium at R.T.,
Reference 12

Forr =6 in., and p = .61 lbs/in2 (O-Peak) Dynamic Load based
on 50 g response accel. at Resonance if 2/3
of wraps vibrate in a radial breathing mode.,

6 3 1/4
2\ 646 6.5+ 10 1 > 1
» A4 , R . 2
t5/2 61«6 1_.352 8
6
a 6.5 10 -
.646 - 51 - 6 . .45

{ 5
——\=5.16. 1
<t5/2> 5.16 - 10




t, 30 PERCENT RING NUMBER OF t EFFECTIVE
LIGHTENING SPACING, INTERMEDI- | FOR 86.32 IN.
t HOLES £ RINGS DRUM:
.025 017 19.5 3 .0174
.030 .020 29.3 2 .0203
.032 .021 33.2 2 .0213
.036 024 46.2 1 . 0242
.036 .024 46.2 2 . 0243

*Note small difference in effective t when adding one more intermediate
ring.

For the example case, we will consider a 0.032 inch skin drum with two
intermediate rings and analyze for bending induced if the wrap drum is
excited by sinusoidal vibration at its fundamental longitudinal frequency
during launch. The effect of end moment restraint is considered negli-
gible. All panel wraps are considered to vibrate in phase at 50 g's
response acceleration for this vibration mode.

30% Area

Holes Actual Dynamic

Simplified Dynamic 'Load Distribution

Load Distribution for
Stress Analysis

Let W = 0.68 pound/ inch to include wrap drum, and wrapped panel with a
solar cell installation weight of 0.19 pound/ square foot.

2
Mr __Mr _(Wg).L

5=

1rr3 t 121rr2 t
e e
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2
_(.68x50) x 86.32

2 = 8889 psi limit
127 x 6 x .021 11111 psi ULT.

C = .3, Reference 13, Figure 5.4.2,

Fb =1.3 CEE'r

cR

=1.3x3x6.5% lO6 X 032

Fb = 13520 psi

cR

FbCR 13520

M.S. = -1= -1 =+.22 ULT.

S fb 11111

The fundamental bending frequency is calculated as,

oWL *

6, =————, Ref , P 102, 13
1g 384E(D) eference 5 age 102, Case

4
5x .68 x 86.32 .
6, = = .005 in.

1 6 3
g 384x6.5x10 (mx6 x .7x .032)

1/2
) =49.9 cps

1
f =3.53
n (.005

Maximum deflection at fundamental bending frequency is calculated from
the equation for sinusoidal vibration:

_ 386 (g response) _ 386 (50)

5 .
(dynamic) (27rfn)2 (@7 x 49.9)
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6(dynamic) = 220 in, Single Amplitude

The above weight, f,, and dynamic deflection of the drums analyzed are
plotted in Figure 14 to facilitate selection of the optimum drum.

Honeycomb Concept Considerations:

Considerations are given to a honeycomb concept for the reasons that (1)
providing the core density is low, it would be more efficient for radial

breathing mode external pressures because of the greater effective
section thickness. If we consider a 0.125-inch thick aluminum honey-
comb section with bonded facings of fiberglass, the facing thickness for a
weight savings of only one percent compared to the magnesium ring-
stiffened concept used in the example is calculated as follows:

2 2
L1 (.99 b Prag. ~ €OTe WT/in.” - adhesive WT/ in.")
pfiberglass
-4 -4
t=i (-99x .0213 x .0639 -2.24x10 ~ -3.47x10 )
2’ - .065
t = .0060 in.

For the longitudinal bending mode of vibration, the facing elastic dimpling
and working stresses are calculated, respectively, as follows, neglecting
solar cell stabilization effects,

E (t )2 Reference 14
g = 2 —_—
cR s

2
d-u)
6 2
0 p=2x 5XI02 . ('(l)gg) = 23377 psi
¢ - .12% '

o The

t . .
. < zltng-stlffened>= 111 (2 ;{020106)
(ring-stiffened) fiberglass )

= 19444 psi ULT.
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Ser _ 23977 _
E 19444
C

M.S. = 1=+,20 on ULT.

Therefore, a weight savings using the honeycomb wrap drum in place of
the magnesium ring-stiffened drum would be about one percent; the longi-
tudinal bending frequency would be lowered to about 38 cps with a result-
ing increase in dynamic deflection to about 0.35 inch, which is higher
than desired for protection of the stowed solar cells. Based on an equal
deflection basis, the honeycomb concept would weigh more than the mag-
nesium ring-stiffened concept by an amount equal to the weight of honey-
comb core and facing adhesives.

Conclusions
The study shows that the optimum wrap drum is the magnesium ring-
stiffened concept. The drum is approximately six inches in radius with a

0.032-inch thick skin with flanged lightening holes.

3.3.2.6 Effects of Dynamics of Spacecraft Mount on Design

The dynamic analysis of the rollup panel mounts shows that the proposed
mount using magnesium is not sufficiently rigid, > 150 cps (200/ +/2)
natural frequency, to limit the dynamic response to = 50 G in the drum.
The mount should be made of a higher modulus material such as berylli-
um. See graph on next page. With mount resonance critical, and for a
mount damping ratio of 0. 03 (realistic for metallic structure) there are
two critical conditions to be considered for the proposed magnesium
drum.
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Wrap Drum Considerations

Dynamic excitation to the rollup array at mount resonance will be approx-
imately 66.8 G (0-peak) when the excitation to the mount is 4 G (0-peak).

The dynamic transmissability in the wrap drum (with drum vibrating as a
simple beam) for a dynamic ratio of 0.05 (considered best possible with
wrapped substrate acting as a damping medium) and a mount resonance
frequency to drum natural frequency ratio of 1.2 (60/50), will be approx-
imately 1. The resulting load distribution for this condition is nearly
uniform with load distribution proportional to G, (G = 66.8 X 1 =

66.8 G 0-peak), and resulting induced bending factor in the middle of

Dynamic Load Distribution on
Drum at Mount Resonance

Wrap Drum

\ | | \ ‘/




the wrap drum of 1.61 as compared to 1.0 for the best drum of magnesium;
the magnesium drum will fail or deflect more than desired (0.25 inch)
causing possible solar cell damage. By considering the use of beryllium
drum skin (of equal thickness and weight) for its higher modulus, the
increased load could be carried and deflections minimized.

Actually, the beryllium natural drum frequency will increase to approach
149 cps resulting in a transmissability of 0.120 in the drum rather than
1.0. If we increase the magnesium drum bending capacity by increasing
skin thickness, the drum natural frequency increases in propostion to
A(t)l/ 2, dynamic loads increase exponentially, and bending capacity
increases linearly. If we consider an increase in t from 0.032 to 0.050
using magnesium, the increase in bending capacity is 56%, but the result-
ing dynamic transmissibility in the drum at mount resonance is increased
by a factor of 5; drum failure will still occur and we have increased
weight of the rollup panel by 2.9 pounds. Therefore, a more effective
means of reducing loads and deflection in the drum is required if beryl-
lium is not used for drum skin. The possibilities are:

a. Increase mount stiffness. Stiffness increase by increasing section
depth = 80%is required using aluminum. This forces a decrease
in wrap drum length (See Figure 15) approximately 9.5% (small
effect on required skin thickness) and therefore an increase in
deployable beam length of 10.5 percent (area required = constant).
The resulting increase in weight would be negligible (including
additional wiring) using aluminum mounts. No increase in weight
would be reflected using a beryllium mount of proposed

configuration.

b. An intentional shortening of the drum would have results given in
a above.

c. Use viscoelastic shear damping medium between mount and drum

to reduce effect of dynamic transmissibility into drum (at mount
resonance) from 16.7 G to approximately 12 G or less.

Since the bending factor in drum at mount resonance (using 0.032
magnesium drum skin and 0.025 magnesium mount) is 2.5 times
that at drum resonance, the damping medium should have a dyna-
mic transmissability 1/2.5 = 0.4 or less. From the transmissi-
bility curve (assuming a damping ratio of 1.0 for the damping
medium) the forcing frequency/ natural frequency ratio is about 4
for a transmissibility of 0.4, which gives a natural frequency of
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damping medium,

60
fn = ry = 15 cps. For mount resonance.

If the drum is supported at each end to spacecraft mount by four
viscoelastic pads (as illustrated), the spring constant, K, required
for a frequency of 15 cps is calculated from

1/2
2 ()

m, that portion of mass of 1/2 of stowed drum and array at each

1(65
4 \2
-_— = .1
Pad = =——=8.1/G
_ 2 W_ 2 8.1
KReqra.) = @7 + £) + g =@TX18) X
=1 L] i L]
K Req'd.) = 186+2 Ibs/ in

and deflection of Pad at Mount Resonance is Calculated as,

Load on Pad From Drum _ (W)(Gin XQ) _(8.1)4X16.7X .48 X1)
K K 186.2

=1,39 in.
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If we consider the above viscoelastic pads when the drum
resonates, dynamic transmissibility, Q, in the mount is 2.5;
dynamic transmissibility in the pads is 0.6, and for a Q of 10 in
the drum, maximum acceleration at the center of drum is,

G(in)(EQ) =4 (2.5X .6 X 10) =60 G's (O-Peak)
which exceeds the buckling allowable of the drum (pads will bottom
out) by a factor of 1.2 based on ultimate loads (limit X 1.25),

or gives a 5 percent margin of safety based on limit loads. The
added weight for silicone pads would be about 1 pound.

Use of snubber (Figure 16) at center of wrap drum to effectively
reduce drum to two shorter drums which can carry higher bending
loads. The effective weight addition per rollup panel would be
approximately 2.0 pounds.

The solar cells would be protected by 100 percent silicone sponge
support in this local area. Snubber reaction vectors 120 degrees
apart are suggested for effectiveness in snubbing against vibration
in all directions in a plane normal to drum axis.

Wrapped Panel Considerations

None of the above possible solutions, however, will eliminate the second
critical condition, which occurs when the substrate mode is excited (i.e.,
loose wrapped substrate).

It will be necessary to support the wrapped substrate in a manner com-
patible with the minimum weight such that the separation distance of
wrapped layers is sufficient to prevent contact during vibration induced
during launch. This aspect is given consideration in Paragraph 3.3.2.8.

Justification for Concept Selection of Solution 'a' Using Aluminum Mounts

1.

Does not require use of beryllium.
Added weight is negligible.
Is a definite solution to the problem in lieu of test data whereas

use of viscoelastic damping material between mount and drum
would require additional testing in trade-off study phase.
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Figure 16. Drum Snubber at Center of Drum Length
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4. Change in Panel Aspect Ratio from 5.25 to 6.4 has negligible
effect on total array power/ weight ratio.

5. Design goal of 30 watts/ pound can still be met.

3.3.2.7 Torque Tube Studies

Comparison is made here between (1) a torque tube which must carry its
own load at resonance in a sinusoidal vibration environment, and (2) a
torque tube which is snubbed at its midspan.

Pin-Ended Torque Tube

The torque tube, without midspan snubber, is considered to vibrate in its
lowest mode as a pin-ended beam. Holes in the surface of the tube for
weight reduction are not suggested since torsional deflection must be
minimized. Rather, a tube of tapered wall thickness will be considered
for minimizing weight. The torque tube suggested is analyzed conser-
vatively for its fundamental vibration frequency as follows, assuming
here that it is a uniform tube of uniform stiffness.

Static Load Distribution Actual Static Load Distribution
for this Analysis l (Due to Wall Taper From . 040
¢ @€ to . 020) in 1 g Field

\ W+ W,
3" Dia, W. -\ o - —_—
Mag. Tube ‘ 1 r\r\'—é\.\

— 286" -
1 V2
f =3.53 5
n static
5(W, +W)) ¢4 4
-1 2 | 5(.024)86 .
0 static\ 384 EI = 5 = ,0062 in.
(. ) 384 X6.5X 10 X .424
inlg

L \M2
= . = 44.8 CpsS.
=3 53(.0062) p
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Dynamic deflection at f, when excited in the direction towards the wrap
drum is calculated as,

386.4 (gat tube " Q

5
d L]
yn @ fn)2

=1.05 i .
Bat tube x 4 for a ratio of f /spacecraft mount freq

Q in the tube = 16.7 at f, based on a damping ratio in tube of .03.

5 _386.4(1.05x4x16.7) _

dyn.

2 .34 in. Single Amplitude
(27 x 44.8)

Bending stress attube center for 6 dyn = 0.34 inch is calculated as,

b2

mr t

M, for Triangular Load Distribution,

6
_10EI - 6 10x6.5x10 x .424x .34

-2
22 ' 86

M = 1260 in - lbs

12
fb = 60 = 4452 psi.

TX 1.52 x .040

F =1.3KE%=1.3x.3x6.5x106x£1—9-

1.5
cr(elastic backing)
= 67574 psi.

M.S. — High
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Spacing required between wrap drum and torque tube to prevent contact
will be approximately 6 drum + 6 torque tube = 0.25 + 0.34 = 0.59 inch.

A reduction in dynamic deflection inversely proportional to the A Dia.3 - t
or A E with no change in weight would result in a considerable change in
stiffness of the torque tube by increasing diameter or by using beryllium.
However, this is not necessary from a strength reason and would only
increase size and weight of drive sprockets required.

Torque Tube Snubbed at Center

If we consider snubbing at midspan, the torque tube wall could be made
uniform in thickness (0.030 inch) rather than tapered, resulting in an
equal weight tube. It is not suggested that any weight reduction be con-
sidered for this case since torsional rigidity would then be sacrificed.

Conclusions

If we consider the possibility of a wrapped substrate build-up of an addi-
tional 0.28 to 0.57 inch of radius (depending on thickness of separation
medium of 0.125 to 0.15 inch, respectively) due to the probability that
the low modulus substrate does not have the capacity to induce a preload
in the wrapped panel layer separation medium, the required spacing
between torque tube and wrapped panel, allowing .123 minimum clearance,
becomes 1.0 to 1.29 inch. To prevent contact of outer wrapped panel
layer and torque tube at torque tube resonance, the possibilities are (1)
to increase spacing by increasing torque tube drive sprocket diameter,

or (2) to add a thin metal band snubber at center of torque tube and attach
it to the spacecraft bus. The required spacing reduces to 0.66 to 0.95-
inch minimum based on 1/8 inch between layers. The suggestion (1)
forces an excessive increase in length of four guide sleeve mount mem-
bers which would require additional weight for stiffness to prevent exces-
sive deflection of the guide sleeves at vibration resonance. Suggestion
(2) appears to be the more positive solution and will add the least weight.

3.3.2.8 Wrapped Substrate Layer Separation Medium Studies

Constraints

The primary reason for the use of a medium between the wrapped sub-
strate layers is to prevent vibration-induced buffeting of solar cells.
This separation medium should be (1) of low density to minimize weight
and (2) have the proper spring rate to allow for some energy absorption
and yet prevent excessive deflection (possibly causing solar cell contact
and breakage) at vibration resonances. Also of importance is the




vibration damping provided by this medium when considering the wrap
drum design. Since many variances of the wrapped panel affect the
amount of damping, (such as substrate material, solar cell adhesive and
thickness, solar cell interconnects, damping medium, percent of damping
medium contacted, and percent of solar cell bonded area) a damping ratio
of 0.05 will be considered until the wrap drum vibration test has been con-
ducted and the actual ratio determined.

Induced sinusoidal vibration environment is treated here as the more cri-
tical design environment. Steady state environment (magnitudes of which
are given in the JPL Specification; considered maximum and not to occur
simultaneously with maximum vibration environment), is shown to be less
severe than sinusoidal vibration excitations when it is considered that it
takes only a vibration transmissibility, Q, of 3.3 at resonance in the
launch axis and Q of 1.5 normal to launch axis to equal the steady state
environment. Random Gaussian vibration is shown to be less severe

than sinusoidal by considering that a minimum sinusoidal response at
resonance would be about 40 G, 0-peak (Gin *+ Q = 4 x 10); random
response would be less, calculated as follows:

1
Y(O-peak) = 1.414[—% (Fn)(Spectral Density)(Q at Sin. Response)]

for resonances as high as 200 cps,

. _ m 1/2 _
Y(O-peak) = 1.414[2 (200)(.1)(10)] 25 G,

An integration of dynamic transmissibility, Q, between spacecraft mount
interface and wrapped panel at maximum excursion area (center of wrap
drum) for respective wrapped panel response accelerations as shown
based on (1) a wrap drum fundamental frequency of 50 cps and Q of 10,
(2) a spacecraft mount fundamental frequency of 160 cps and Q of 16.7,
and (3) a wrapped panel Q of 10:
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If the substrate were wrapped with sufficient precision, unstressed in
tension, such that all layers contacted the separator medium, the result-
ing minimum dynamic radial pressure (based on a solar cell and

substrate weight of 1.53 x 1073 pounds/ square inch and a fundamental
frequency of 20 cps) would be 0.067 pounds/square inch, 0-peak at the
outer layer and, if all layers were vibrating in phase, 0.87 pound/ square
inch, 0-peak at the inner layer. This inner layer radial pressure is
probably conservative, since the layers do not wrap with such precision
and, therefore, not all will resonate at the same frequency. For analysis,
however, the conservative approach will be considered.

Selection of the optimum separation medium design for a sinusoidal
vibration system on a minimum weight basis is made from a plot of
weight versus frequency for various configurations. These configura-
tions vary in medium thickness, and where the medium is less than a
full blanket (local disc pads) the variables are pad diameter and center
distances. A medium spring rate is based on silicone sponge density of
0.008 pound/ cubic inch (which is about the minimum obtainable). Com-
parison is made with separating medium configurations using 0.00116
pound/ cubic inch polyurethane foam. The spring rate is obtainable from
the Ryan test curves shown below and in Figure 17.
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Figure 17. Typical Static Stress-Strain Curve for Flexible
Polyurethane Cushion at Room Temperature
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.75 in. w.n.

Critical loads for analysis are based on dynamic loads on the wrapped
layers (1.53 X 10 3 lbs/ square inch per wrap layer which gives a static
load of 1.83 X 10~2 pound/ square inch on inner wrap layer separation
medium) assuming all layers above the layer in question act as a rigid
body on that wrap layer separation medium. Cylindrical stiffening effects
of the wrapped substrate will be considered negligible in this analysis.

Load from Above Mass or
Wrapped Layers

Y v v

—— — . 012 in.
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which is probably only slightly conservative for a foil thick Kapton (or
fiberglass) substrate. A maximum permissible deflection of the wrap
layer in question will be limited to 0.10 inch to prevent edge contact of
adjacent solar cells at that respective layer; this is a conservative
approach since it is based on a perfect radial breathing mode of vibration
which is highly improbable with induced sinusoidal vibration in one axis.
This appears to be a more realistic design constraint since, as is shown
in the above analysis, the G level required to induce solar cell fracture
is large (larger than the optimum design will experience).




Analysis is made for this study by calculating dynamic sinusoidal
deflection of a separation medium configuration with a given frequency
and then determining its weight based on a thickness equal to its cal-
culated dynamic deflection plus a certain percentage of dynamic deflection
which will correspond to the static spring rate, K, used for analysis.
This is made possible by limiting spacing between local disc pads, where
considered, to three inches maximum to limit wrapped panel deflection
between pads to a negligible magnitude. A minimum medium thickness
of 0.05 inch is used as a requirement to prevent solar cell damage when
wrapping around the drum, extrapolated from wrap tests conducted by
Ryan; Reference 15, p. 70.

In selection of the optimum medium configuration, we shall not consider
a thickness greater than 0.15 inch. This limit is made to prevent excess
build-up of wrapped panel which forces an excessive weight increase of
the guide sleeve mounts.

Analysis of a given silicone foam configuration follows for presentation
of the approach taken. Consider an inner wrap layer, disc pad con-
figuration as shown, supporting all 12 wrap layers.

Silicone Sponge Pads

Substrate

The fundamental frequency, F,,» for the above separation medium con-
figuration is calculated by the equation,

. /2
. - &/mY? _(K.g/10aa)? _ (static aeit)
n 27 27 2m

K, from compression-deflection curve for 12 wrapped
panel layers in Ig field acting on area AA

Load

K = Deflection
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Deflection, from Curve,

For Load _ 4x1.53x107° x 12
Pad Area
€ 27 x .25%
.073 Ib
= ——% = .19 psi
.393 in
.073 1bs
= —= 61—
(5.61x 386.4)1/2
B .073 172
By - 27 = oq  2Tcps

Dynamic deflection at ¥ of the above configuration is calculated by,

386.
o _ 86.4 g(response)
d .
ya @TF,>
- 66 From wrapped panel freq. vs.
(response) response accel. curve
386.4 x 66
ay = R - .89in.
YR emx 27)

Then,

Static thickness for weight purposes = « dyn. + A percent of O‘dyn.

using K based on 1G deflection (K = constant)

The above calculations are only for an example configuration. The
resulting deflection, however, shows that the system frequency must be
considerably greater, probably above 60 cps (as can be seen from the
wrapped panel frequency versus response acceleration curve) in order to
reduce the deflection and the resulting effective separation medium
weight. The plots in Figures 18 and 19 show the results of similar
calculations for various configurations utilizing silicone or polyurethane
foam.
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NOTE:

Variables

For Polyurethane Foam Damping Pads
| Showing Pad Thickness and Pad Area as

Material Limit @ Inner Wrap Loads
0.15" Pad Thickness Weight = 3. 518 Lbs.
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NOTE:

For Silicone Rubber Damping Pads

Showing Pad Thickness and Pad Area
as Variables K = 26
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Figure 13.

Silicone Weight vs. Frequency
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Conclusions:

The analysis presented was made to find the lightest weight separation
medium configuration using the constraints set forth:

1. Dynamic deflection under sinusoidal excitation at resonance
<0.10 inch to present edge contact of solar cells.

2. Separation medium thickness < 0.15 inch to prevent excessive
build-up of wrap thickness, resulting in contact of wrapped sub-
strate and drive torque tube at sinusoidal resonance of same and
possible damage to solar cells.

3. A spacing between local disc pads of =3 inches so that sinusoidal
vibration deflection of the wrapped substrate is negligible between
pads; an analysis based on separation medium deflection only is
thereby made possible.

4, Separation medium thickness >0.05 inch to prevent damage to
solar cells subject to possible loads during wrapping around drum.

5. A constant thickness separation medium to facilitate ease of tuning
(coordinating beam and panel wrap rates).

The plots of frequencies of support medium configurations versus weight
for each of the panel wraps shows that the lightest weight medium will
result using polyurethane foam. A foam of 2 pounds/ cubic foot density
was considered for the analysis, which is about the minimum obtainable.
Utilization of silicone foam of minimum density (13.8 pounds/ cubic foot)
will result in a total medium weight of approximately 26 pounds as com-
pared to 3.5 pounds for polyurethane. A constant thickness design con-
straint is satisfied by using the minimum thickness possible for the inner
wrap, which is 0.15 inch. A thickness less than this would not correspond
with the spring rate, K, for the respective load at that